This paper reviews literature on the motion processing of dynamic change in binocular disparity, called stereoscopic (cyclopean) motion. Studies investigating the visual processing of stereoscopic motion in the Z-axis, stereoscopic motion in the X/Y plane, and cyclopean motion are discussed. It is concluded that stereoscopic motion is processed by a motion-sensing system composed of special-purpose mechanisms that function like low-level motion sensors. For animals with binocular vision, low-level motion processing may involve, at least in part, stereoscopic processing.
Introduction
The ability to detect the motion of an object moving through three-dimensional space has important survival value for an animal. Motion processing provides information for proprioception, detection of pattern, estimating time-to-collision, and segmentation of surfaces (Nakayama, 1985) . For an animal with binocular vision such as a human observer (see Fox, 1978) , motion processing may involve stereopsis.
Consider an object moving in front of a background and on a given trajectory in three-dimensional space. To an observer with stereopsis, one binocular cue to object movement would be information about dynamic change in the relative binocular disparity between object and background. For example, an object moving through the Z-axis and toward the observer's head would produce an increase in the magnitude of relative disparity. An object moving laterally across the observer's visual field would produce dynamic change (i.e. displacement) in the lateral direction of the relative disparity without a change in mean disparity. One important issue for theories of motion processing is whether dynamic change in disparity is processed by an actual motion-sensing system. This paper reviews the literature on the motion processing of dynamic change in binocular disparity, called stereoscopic motion. Stereoscopic motion processing is an interesting topic because it involves motion information at cyclopean (i.e. binocular-integration) levels of vision (see Sherrington, 1906; Julesz, 1960 Julesz, , 1971 . Stereoscopic motion processing would demonstrate a binocular substrate for a portion of the motion system because this kind of motion would be computed subsequent to the computation of binocular disparity (Sekuler, 1975; Patterson, Ricker, McGary & Rose, 1992) .
In this paper, the term stereoscopic motion refers to the movement of binocular disparity information, which should be distinguished from the movement of luminance boundaries presented with binocular disparity. With respect to the latter, a number of studies (e.g. Mezrich & Rose, 1977; Erkelens & Collewijn, 1985; Nawrot & Blake, 1989; Halpern, 1991; Lappin & Love, 1992; Johnston, Cumming & Landy, 1994; Verstraten, Verlinde, Fredericksen & van de Grind, 1994; Bradley, Qian & Andersen, 1995; Qian & Andersen, 1997; Lankheet & Palmen, 1998) examined the interaction between luminance motion processing and stereoscopic processing. Consider the following examples. Nawrot and Blake (1989) found that adaptation to stereoscopic depth influenced the perception of structure from (luminance) motion. Johnston et al. (1994) suggested that luminance motion information may overcome the stereopsis distance-scaling problem. Erkelens and Collewijn (1985) revealed that a visual frame of reference was necessary for the perception of motion in depth but not for lateral motion. Lankheet and Palmen (1998) found that luminance motion contrast improved sensitivity for stereoscopic depth segregation. Finally, Qian and Andersen (1997) provided a physiologic model of luminance motion-stereopsis integration within the context of the Pulfrich phenomenon. Although interesting, these studies will not be discussed further because they involved luminance motion (i.e. non-cyclopean motion containing monocular cues) which is different from stereoscopic motion (i.e. cyclopean motion containing no monocular cues). Nonetheless, these studies are generally consistent with the main theme of the present paper by showing interaction between motion processing and stereoscopic processing.
This review covers research on the visual processing of stereoscopic motion in the Z-axis (i.e. saggital direction normal to the frontal or X/Y plane), stereoscopic motion in the X/Y or frontal plane, and cyclopean motion, in order to discover whether and how stereoscopic motion may be processed by a motion-sensing system. This review also discusses the possible neurophysiological basis of stereoscopic motion processing. Before turning to these topics, however, this review begins by considering whether stereoscopic motion is processed by an actual motion-sensing system.
Motion sensing 6ersus position tracking
A controversy exists as to whether stereoscopic motion is processed by a true motion-sensing system or by a position-tracking mechanism. Motion sensing involves computing the spatial displacement of an object's boundaries per unit of time. One common model for a motion sensor is a Reichardt detector (Reichardt, 1961) which possesses two spatially-separated regions of a receptive field that are activated in sequence by a moving boundary. Signals from one region are delayed and integrated with signals from the other region, creating a local motion signal. A Reichardt detector is equivalent to a motion-energy sensor which is based upon the processing of spatial and temporal frequency (Watson & Ahumada, 1983; van Santen & Sperling, 1984 , 1985 Adelson & Bergen, 1985) . Motion sensors show bandpass temporal-frequency tuning (Nakayama & Tyler, 1981) . Position tracking involves computing or inferring motion by comparing the current position of the features of a stimulus with their previous position and noting the positional change. Position tracking may help select features for subsequent processing (Lu & Sperling, 1995a,b) or it may generate higher-order motion signals itself (Cavanagh, 1992 (Cavanagh, , 1995 . Position tracking mechanisms show lowpass temporal-frequency tuning (Nakayama & Tyler, 1981) .
Many studies investigating stereoscopic motion processing have used dynamic random-dot stereograms (Julesz, 1971) to isolate mechanisms devoted to stereopsis. In this type of display, each eye's view typically consists of an array of many small randomly-positioned luminance dots. Binocular disparity is created between the two eyes' views by shifting laterally a subset of dots in one eye's view and leaving unshifted corresponding dots in the other eye's view (the shift is camouflaged by surrounding dots). The shape defined by the shifted dots creates a stereoscopic (cyclopean) form that is defined by differences in binocular disparity that cannot be seen monocularly. To study stereoscopic motion processing, the stereoscopic form is moved and the observer makes a perceptual judgment about the movement. To camouflage monocular cues associated with the stereoscopic motion, the luminance dot arrays are dynamic (i.e. dots replotted randomly across frames of the motion sequence). In this kind of study, the issue of motion sensing versus position tracking applies to the moving stereoscopic form and not to the dynamic luminance dots.
The generation of dynamic random-dot stereograms is technically challenging because dot arrays containing a large number of elements are generated, displayed and updated continuously in both eyes of an observer with the appropriate amount of disparity implemented. One method for generating dynamic random-dot stereograms is to employ a digital computer that generates the dot arrays off-line, stores them in memory, and later presents them to an observer during an experiment. A second method is to develop a special-purpose analog computer that generates and displays the dot arrays in real time. A third method is to create a hybrid system that employs an analog computer that generates and displays the dot arrays in real time and a digital computer for controlling the disparity embedded in the dot arrays. In any of these cases, it is important to ensure that the stereograms are devoid of monocular cues which could arise from visible cross-talk between the eyes (i.e. left eye's information leaking into the right eye or vice versa) or from non-linearities in screen luminance.
Consider now the evidence for whether stereoscopic motion is processed by a motion-sensing system or by a position-tracking mechanism. We begin with position tracking.
E6idence for stereoscopic position tracking
Evidence that stereoscopic motion is processed by a position-tracking mechanism comes from studies that have failed to find evidence for stereoscopic motion sensing. For example, Papert (1964) investigated whether adapting to stereoscopic motion would induce a classic motion aftereffect. Papert found that only a weak stereoscopic aftereffect was induced. Anstis and Rogers (1975) (cited in Anstis, 1980) , Zeevi and Geri (1985) , and Cavanagh (1995) also found that stereoscopic motion induced only weak or non-existent motion aftereffects. Of these four studies, two of them (Papert, Zeevi and Geri) reported the duration of adaptation, which was relatively brief (30 s or less). These results suggested that the lack of a stereoscopic motion aftereffect meant that there was no stereoscopic motion-sensing system, which invited the possibility that the stereoscopic motion was processed by a positiontracking mechanism. Chang (1990) examined the perceptual interaction between stereoscopic and luminance motion in a dynamic random-dot display. The stereoscopic motion was in the same or different direction as the luminance dot motion. Chang found that the perception of luminance motion dominated the perception of stereoscopic motion, with the latter appearing weak and in the direction of the former. Chang conjectured that the weak perception of stereoscopic motion resulted from a lack of a stereoscopic motion-sensing system and that stereoscopic motion perception was based upon position tracking.
To investigate speed discrimination of stereoscopic and luminance motion in the Z-axis, Harris and Watamaniuk (1995) created stimuli that began with a crossed disparity and moved through the horopter to an uncrossed disparity, with the stimulus momentarily disappearing as it went through the horopter. These authors reported that speed discrimination was poor with stereoscopic motion compared with luminance motion. They concluded that there was no specialized mechanism for processing the speed of stereoscopic motion in the Z-axis.
In a different study, Harris and Watamaniuk (1996) examined speed discrimination of stereoscopic and luminance motion in the X/Y plane employing relatively small stereoscopic gratings as stimuli. These authors again found that speed discrimination was poor with stereoscopic motion compared with luminance motion. They concluded that there was no specialized mechanism for processing the speed of stereoscopic motion in the X/Y plane. Lu and Sperling (1995b) investigated direction discrimination of a stereoscopic compound stimulus (i.e. corrugated surface in depth) that contained stereoscopic motion in the X/Y plane but no trackable features. This stimulus was presented for a duration of one temporal cycle plus one frame (i.e. exposure duration of about 1 s or less, depending upon temporal frequency). These authors found that direction discrimination of the stereoscopic stimulus was poor, presumably because trackable features were absent. Lu and Sperling proposed that stereoscopic motion was processed by a feature tracking system that involved a motion energy analysis operating on the outputs of feature detectors (see also Lu & Sperling, 1995a) .
To examine attention and stereoscopic motion processing, Cavanagh (1995) investigated stereoscopic motion processing in the X/Y plane in a display that contained both stereoscopic and luminance motion separated by an angular distance of about 6°. When the luminance motion was attentionally tracked, the perceived direction of the stereoscopic motion became ambiguous. Cavanagh posited that poor performance with stereoscopic motion under shifted-attention conditions resulted from a lack of a stereoscopic motion system without attentional tracking of position (see also Cavanagh, 1992) .
Harris, McKee and Watamaniuk (1998) investigated detection of a single small luminance dot (target) moving in the Z-axis versus detection of a single target dot moving in the X/Y plane. In both cases, the target had to be detected as it moved through a group of stationary noise dots, with target motion being very slow (i.e. 0.07 deg/s). These authors found that detection performance was poor for motion in the Z-axis, whereas performance was good for motion in the X/Y plane. They suggested that whereas the target moving in the X/Y plane was detected by a true motion system, the target moving in the Z-axis was detected by a positiontracking mechanism (which presumably was why the stationary noise dots degraded performance for the Z-axis motion). Seiffert and Cavanagh (1998) investigated motion detection thresholds for a slowly moving stereoscopic grating and found that detection thresholds were determined by a minimum displacement. These authors suggested that position tracking was important for the perception of stereoscopic motion.
Studies that failed to find evidence for a true stereoscopic motion-sensing system seemed to provide compelling evidence against its existence. Many of these studies made the inference that failure to find evidence for stereoscopic motion sensing was due to the lack of a motion-sensing system for stereoscopic information. This inference, however, was invalid.
In deductive reasoning, one logical fallacy is called denial-of-the-antecedent, in which an individual infers that the consequent of a conditional statement is false if the antecedent is false. If we are given the proposition, ''if P then Q'', and then the proposition, ''not P'', we should not infer, ''not Q'' or we will be committing the denial-of-the-antecedent fallacy. In the present context, if given the proposition that high stereoscopic speed sensitivity (or strong stereoscopic motion adaptation, etc.) would be evidence for the existence of a stereo-scopic motion-sensing system, but no evidence of high speed sensitivity (or strong motion adaptation) is found, the inference that a stereoscopic motion-sensing system does not exist is invalid. The lack of evidence for a stereoscopic motion-sensing system is not the same as evidence for the lack of such a system. But this is exactly the kind of logical fallacy that the studies reporting negative evidence have made.
One implication of this denial-of-the-antecedent fallacy is that one could assume that a stereoscopic motion-sensing system did not exist when, in fact, such a motion system did exist, and the lack of evidence would be due to factors other than the lack of such a system. We now consider two such factors that may account for the lack of evidence for stereoscopic motion sensing, namely intrinsically weak stereoscopic motion signals and the use of inappropriate stimulus parameters.
With respect to the former idea, intrinsically weak internal stereoscopic motion signals may have contributed to the negative evidence reported in the above studies. Many motion phenomena appear perceptually weak when examined with stereoscopic stimuli. For example, Donnelly, Bowd and Patterson (1997) created random-walk cinematogram displays composed of arrays of moving stereoscopic or luminance discs, and found that the threshold for detecting coherent global stereoscopic motion was five times higher than the threshold for detecting coherent global luminance motion. These authors concluded that moving stereoscopic boundaries engendered weak responding by the motion system, which may have been because the cyclopean information bypassed peripheral stages of visual processing (Julesz, 1971) . Intrinsically weak stereoscopic motion signals, coupled with inappropriate stimulus parameters (see below), may have conspired to produce negative evidence in some or all of the studies discussed above.
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With respect to the possibility that the lack of evidence for stereoscopic motion sensing was due to the use of inappropriate stimulus parameters, consider the following studies that reported positive evidence for stereoscopic motion sensing.
E6idence for stereoscopic motion sensing
Evidence that stereoscopic motion is processed by a motion-sensing system comes from a number of studies. Recall that Papert (1964) and Zeevi and Geri (1985) employed a relatively brief duration of adaptation (30 s or less) and found that stereoscopic motion induced only weak motion aftereffects, leading these authors to infer that there was no stereoscopic motion-sensing system. However, Patterson, Bowd, Phinney, Pohndorf, Barton-Howard and Angilletta (1994) investigated the effect of adaptation duration on the stereoscopic motion aftereffect and found that an adaptation durations greater than 30 s was needed to produce reliable stereoscopic motion aftereffects. These authors concluded that the reason why previous studies failed to find evidence for a stereoscopic motion aftereffect was that adaptation duration was too brief. (A dynamic test display also may be important for inducing significant stereoscopic motion aftereffects; see Nishida & Sato, 1995. ) Chang (1990) examined the perceptual interaction between stereoscopic and luminance motion and found that stereoscopic motion perception was weak, leading her to conjecture that there was no stereoscopic motion-sensing system. However, Ito (1997) investigated the perceptual interaction between stereoscopic and luminance motion using a display similar to Chang's display. Ito found that certain stimulus parameters controlled whether stereoscopic motion or luminance motion dominated perception. For example, long interframe intervals and large spatial displacements favored stereoscopic motion processing, while short interframe intervals and small spatial displacements favored luminance motion processing, the latter of which were similar to the parameters employed by Chang. Ito's results suggested that the weak perception of stereoscopic motion reported by Chang was likely to be due to her choice of stimulus parameters.
In the investigation of speed discrimination of stereoscopic motion in the Z-axis, Harris and Watamaniuk (1995) reported that such discrimination was poor, leading these authors to suggest that there was no specialized mechanism for processing the speed of stereoscopic motion in the Z-axis. However, PortforsYeomans and Regan (1996) investigated speed discrimination of stereoscopic and luminance motion in the Z-axis using a factorial design that permitted dissociation of speed versus positional information. These authors found that speed discrimination of stereoscopic motion was good and equal to that of luminance motion under conditions that controlled for position. Portfors-Yeomans and Regan concluded that the speed of stereoscopic motion in the Z-axis was computed by a speed-sensitive mechanism. Moreover, these authors showed that the reason why Harris and Watamaniuk (1995) reported poor discrimination for stereoscopic motion was likely to be because their stereoscopic stimulus momentarily disappeared as it went through the horopter, which may have degraded visual processing.
Recall that Harris and Watamaniuk (1996) reported that speed discrimination was poor for stereoscopic 1 It is unclear whether stereoscopic strength would be defined along a disparity contrast continuum or along an interocular correlation continuum; see Cormack, Stevenson and Schor (1993) for a discussion. motion in the X/Y plane, leading Harris and Watamaniuk to conclude that there was no specialized mechanism for processing the speed of stereoscopic motion in the X/Y plane. However, Portfors and Regan (1997) investigated speed discrimination of stereoscopic and luminance motion in the X/Y plane using a factorial design that permitted dissociation of speed and position. These authors found that speed discrimination of stereoscopic motion was good and equal to that of luminance motion under conditions that controlled for position. They concluded that the speed of stereoscopic motion in the X/Y plane was computed by a speed-sensitive mechanism. Moreover, Kohly and Regan (1999) revealed that the reason why Harris and Watamaniuk (1996) found poor discrimination for stereoscopic motion was likely to be because the stimuli employed in the latter study were small. Seiffert and Cavanagh (1998) found that stereoscopic motion-detection thresholds were determined by a minimum displacement, leading these authors to propose that position tracking was the basis of stereoscopic motion processing. However, these authors noted that their stimuli moved very slowly and thus may not have been optimal for engaging a stereoscopic motion-sensing system. Under such conditions, the existence of a specialized stereoscopic motion detector that was less sensitive than a position tracking mechanism remained a possibility to these authors.
These studies reporting positive evidence for a stereoscopic motion-sensing system demonstrated that the lack of evidence for such a system was likely due to the use of inappropriate stimulus parameters. These studies revealed that, with appropriate stimulus parameters, positive evidence for such a system may be obtained. While not every report of negative evidence has been shown to be due to inappropriate stimulus parameters, those studies reporting negative evidence owing to inappropriate parameters invite the possibility that a similar explanation would apply to other studies as well.
For example, Lu and Sperling (1995b) found that observers could not perceive the direction of a stereoscopic compound stimulus that contained no trackable features, leading these authors to argue that there was no stereoscopic motion system without position tracking. However, the exposure duration employed by Lu and Sperling (1995b) may have been too brief for stereoscopic motion sensing, an issue taken up later (see also Carney, 1997) .
Recall that Harris et al. (1998) found that detection performance was poor for a single target dot moving in the Z-axis through a group of stationary noise dots, leading them to propose that the target motion was detected by a position-tracking mechanism. It was noteworthy that the target dot was small and its speed was very slow, conditions that may have favored positiontracking over stereoscopic motion sensing.
Finally, consider several other studies reporting positive evidence for stereoscopic motion sensing that have addressed the issue of position tracking. found that direction discrimination of stereoscopic motion in the X/Y plane was governed by speed and not by a constant spatial displacement. Because a constant spatial displacement would be expected if discrimination was based on position information, these authors suggested that stereoscopic motion processing did not rely upon position tracking.
Employing a complex stereoscopic-motion display that camouflaged position information, Johns, Rogers and Eagle (1996) determined whether the processing of stereoscopic motion in the X/Y plane was velocity limited or displacement limited. These authors found that thresholds for oscillating stereoscopic motion were limited by velocity rather than by a fixed spatial displacement. They suggested that such results provided evidence for the existence of a stereoscopic motionsensing system separate from position tracking.
Patterson, Donnelly, Phinney, Nawrot, Whiting and Eyle (1997) investigated speed discrimination versus spatial-displacement discrimination in the X/Y plane, in a display that contained arrays of randomly-positioned stereoscopic discs that were moved or displaced bidirectionally. These authors found that speed could be discriminated under conditions in which spatial displacement could not (the speed discrimination thresholds were quite high in this study). They proposed that stereoscopic motion was sensed in a way that could not be explained by position tracking.
Smith and Scott-Samuel (1998) investigated perception of stereoscopic motion using a stereoscopic missing-fundamental squarewave stimulus (defined in the disparity domain) that was laterally displaced. When a missing-fundamental squarewave is displaced, the dominant motion energy occurs in a direction opposite to the displaced features of the stimulus. These authors found that stereoscopic motion was perceived in the direction of the cyclopean motion energy and not in the direction of trackable features. They concluded that stereoscopic motion was computed by a cyclopean motion-energy mechanism operating on binocular-disparity modulations rather than by a position-tracking mechanism.
The studies discussed above addressed the issue of whether stereoscopic motion is processed by an authentic motion-sensing system, with some studies reporting negative evidence and other studies reporting positive evidence, with the positive evidence being logically stronger. The remainder of this review covers studies reporting positive evidence for stereoscopic motion sensing and the characteristics of such sensing. To this author, the positive evidence for the existence of a stereoscopic motion-sensing system is abundant and incontrovertible. That stereoscopic motion can be perceived under conditions that control for positional information indicates that position tracking may be ruled out as a necessary mechanism for stereoscopic motion processing. That is, although position tracking by attention may influence stereoscopic motion processing, as it may influence the motion processing of other kinds of stimulus attributes, it does not appear to be necessary for processing stereoscopic motion. Such results challenge the validity of theories of stereoscopic motion processing that invoke only position tracking as an explanation (e.g. Chang, 1990; Cavanagh, 1995; Harris & Watamaniuk, 1995 , 1996 Lu & Sperling, 1995b) . Rather, stereoscopic motion processing is velocity-limited (e.g. Johns et al., 1996) , direction-selective (Patterson & Becker, 1996; Phinney, Bowd & Patterson, 1997) , and based on cyclopean motion-energy (Smith & Scott-Samuel, 1998) . Therefore, stereoscopic motion appears to be processed by an authentic motion-sensing system. For an overview of this proposed system, see Fig. 1 .
Note that, as shown in Fig. 1 , the possibility exists that stereoscopic motion sensing may involve scaled or calibrated disparity. The difference between calibrated disparity versus raw disparity is related to the distinction between disparity and depth. Disparity is defined as an interocular difference in the position of corresponding retinal images. Depth is defined as the Z-axis interval between a given stimulus and fixation (horopter). To derive a metric of stereoscopic depth, disparity must be calibrated (scaled) by viewing distance information because the same disparity value will correspond to different magnitudes of depth, depending on viewing distance (Wallach & Zuckerman, 1963; Ono & Comerford, 1977; Patterson & Martin, 1992) . Interestingly, calibrated disparity seems to be represented early in visual cortex: Trotter, Celebrini, Stricanne, Thorpe and Imbert (1992) showed that the activity of many disparity-tuned cells in V1 was affected by viewing distance, suggesting that these cells were representing calibrated disparity information. At present, it is not clear whether stereoscopic motion sensing involves raw disparity or calibrated disparity, although the latter remains a distinct possibility.
The question arises as to the locus of stereoscopic motion sensing. One possibility is that the computation of stereoscopic motion occurs relatively late in the motion stream, which in this paper will be taken to be at the level of, or levels subsequent to, an area in humans homologous to monkey area MT. Another possibility is that the computation of stereoscopic motion occurs relatively early in the motion stream, which will be taken to be at a level prior to area MT. As the literature on stereoscopic motion sensing is reviewed in this paper, it should become clear that the literature is consistent with the idea that stereoscopic motion sensing occurs relatively early in the motion-processing stream (see Fig. 1 ).
Stereoscopic motion sensing
Motion sensing of stereoscopic information has been investigated within a number of different paradigms. These paradigms may be classified into two categories: Stereoscopic motion in the Z-axis and stereoscopic motion in the X/Y plane. These categories are discussed below. In addition, a paradigm involving cyclopean motion without disparity will also be covered. This section ends with a discussion of the possible neurophysiology of stereoscopic motion sensing.
Stereoscopic motion in the Z-axis
To an observer with binocular vision, an object moving in front of a background and on a given trajectory in three-dimensional space would provide two binocular cues about such movement. The first cue involves the relationship between the velocities (i.e. direction and speed) of the retinal-images in the two eyes. If the object moves in the Z-axis, the interocular retinal-image velocities would be different. If the object moves laterally, the two retinal-image velocities would be the same or very similar. For this cue, the visual system would be computing the retinal-image velocities in the two eyes first and then comparing them.
The second cue involves dynamic change in the relative binocular disparity between object and background. If the object moves in the Z-axis, the magnitude of the relative disparity would change. If the object moves laterally, the relative disparity would change dynamically (i.e. it would be displaced) in the lateral direction without a change in mean disparity. For this cue, the visual system would be computing the binocular disparity first and then computing the motion of the disparity.
The second cue for motion in three-dimensional space-dynamic change in binocular disparity -is considered stereoscopic motion in this review. Thus, motion in three-dimensional space is related to stereoscopic motion insofar as the latter may be considered to be a binocular cue for the former. Regan (1993) , Cumming and Parker (1994) , and Brenner, van den Berg and van Damme (1996) all found that dynamic change in binocular disparity was an important cue for perceiving the motion of objects in three-dimensional space (for review of the earlier literature, see Regan, Kaufman & Lincoln, 1988) .
For example, Regan (1993) employed a dynamic random-dot stereogram display devoid of monocular cues and found that the apparent direction of stereoscopic motion in three-dimensional space was given by the ratio of translational velocity to the rate of change in disparity. He showed that the ratio of translational velocity to disparity change was a sufficient cue for motion perception in three-dimensional space.
Cumming and Parker (1994) measured detection thresholds for stereoscopic motion in the Z-axis using temporally-uncorrelated random-dot stereograms (devoid of interocular retinal-image velocity differences) and temporally-correlated random-dot stereograms (containing interocular retinal-image velocity differences). These authors found that thresholds were lower for the uncorrelated stereogram that lacked interocular velocity differences than for the correlated stereogram that contained such differences. They also found that the perception of motion in three-dimensional space was not evoked when observers viewed a stimulus that contained interocular retinal-image velocity differences coupled with dynamic changes in disparity beyond the spatiotemporal resolution limit of stereopsis. Cumming and Parker argued that the temporal derivative of disparity was adequate to explain the perception of motion in three-dimensional space. Brenner et al. (1996) examined the relative influence of changes in target vergence (i.e. target's position relative to the two eyes), target retinal image size, and disparity on perceived motion in three-dimensional space. These authors found that all three factors affected such motion perception. They suggested that changing disparity may be one of several cues for motion perception in three-dimensional space.
Thus, the perception of motion in three-dimensional space is related to the perception of stereoscopic motion in the Z-axis because the former seems to be based, at least in part, upon computing the latter (Regan, 1993; Cumming & Parker, 1994; Brenner et al., 1996) . Indeed, evidence for the existence of a separate stereoscopic motion system is its sensitivity for Z-axis motion (Tyler, 1971) and different temporal frequency tuning relative to monocular motion (Tyler, 1975 ; also see Tyler, 1990) . The remaining portion of this section reviews studies on the visual processing of stereoscopic motion in the Z-axis. Tyler (1971) , Richards (1972) , Regan and Beverley (1973c) , Beverley and Regan (1974a) , Norcia and Tyler (1984) , and White and Odom (1985) investigated the upper limit of temporal resolution of stereopsis in the Z-axis by measuring depth perception while disparity was temporally varied, from a crossed to an uncrossed value, across a range of temporal frequencies. Observers perceived a depth plane oscillating in depth toward and away from them up to a frequency of about 1 -5 Hz, above which temporal summation of disparity information occurred and motion perception failed. These results showed that temporal resolution in the disparity domain was about a factor of 10 worse than temporal resolution in the luminance domain.
Temporal resolution

Direction selecti6ity
Regan and Beverley (1973a) investigated the effects of adaptation on the perception of rotation in depth created by varying interocular retinal-image motion which also varied binocular disparity. These authors found that adaptation to motion along a given path of rotation in three-dimensional space decreased sensitivity for that direction of rotation, but such adaptation increased or left unaffected sensitivity to the opposite direction of rotation. They suggested the existence of different classes of disparity detectors tuned to different directions of motion (see also Beverley & Regan, 1974b; Regan & Beverley, 1973d) .
Recording electrical brain responses to stimuli that moved in the Z-axis toward or away from the plane of fixation, Regan and Beverley (1973b) found that the electrical brain responses were different for stimuli that carried a mean crossed disparity versus a mean uncrossed disparity. The electrical brain responses were also different for stimuli that moved toward the plane of fixation relative to stimuli that moved away from the plane of fixation. According to these authors, these results provided evidence for different classes of mechanisms encoding motion in three dimensions.
Speed discrimination
Recall from an earlier section that Portfors-Yeomans and and Portfors and Regan (1997) investigated speed discrimination of stereoscopic and luminance motion in the Z-axis. Both studies used a factorial design that permitted the dissociation of speed and position. Both studies found that speed discrimination of stereoscopic motion was equal to that of luminance motion under conditions that controlled for position. Both studies concluded that a speed-sensitive mechanism existed for stereoscopic motion.
Apparent motion
Green and Odom (1986) created a display that consisted of several frames of an apparent motion sequence. Each frame contained four stereoscopic discs positioned at locations equidistant from one another on the circumference of an imaginary circle. On one frame, the discs occupied positions at 12, 3, 6 and 9 o'clock. The disparity/depth of the discs alternated across positions, such that discs at the 12 and 6 o'clock positions had one disparity value while discs at the 3 and 9 o'clock positions had a lesser disparity. On subsequent frames, the positions of the discs were rotated clockwise by some angular amount. The observer's task was to indicate perceived direction of rotation (clockwise or counterclockwise).
In this kind of display, motion is typically perceived in the direction corresponding to the shortest distance. Green and Odom investigated whether this spatial proximity rule applied to the Z-axis. They found that a trade-off existed between distance in the X/Y-plane and the Z-axis. When subsequent frames were rotated clockwise relative to previous frames by an amount sufficiently greater than 45°, counterclockwise motion was seen, even though that perception entailed seeing motion in the Z-axis. Thus, the spatial proximity rule applied to stereoscopic apparent motion in three dimensions. Norcia and Tyler (1984) , cited earlier under the temporal resolution section, were the first to study cyclopean apparent motion in the Z-axis.
Changing size
In an examination of the relationship between changing size (looming) and the perception of motion in the Z-axis, Regan and Beverley (1978) and Beverley and Regan (1979) found that adaptation to a changing-size stimulus whose dimensions increased over time made a test stimulus appear to move continuously away in depth, while adaptation to the changing-size stimulus whose dimensions decreased over time made the test stimulus appear to move closer in depth. These authors proposed that the mechanisms sensitive to changing size fed into the mechanisms that mediated the perception of motion in the Z-axis. Gray and Regan (1996) examined the discrimination of stereoscopic and luminance motion in the Z-axis under conditions of disparity oscillation, size oscillation, and oscillatory motion within the frontoparallel plane. These authors found that thresholds for stereoscopic motion produced by disparity oscillation were similar to thresholds for luminance motion. Moreover, the perception of stereoscopic or luminance motion in the Z-axis could be cancelled by pitting disparity oscillation against size oscillation. Gray and Regan concluded that the stimulus for perceiving motion in the Z-axis was the rate of change in disparity, and that signals produced by changing size and changing disparity converged onto common mechanisms that signaled motion in three dimensions. Brenner et al. (1996) , cited earlier, also investigated the effects of changes in disparity and image size on the perception of motion in three dimensions. These authors reported that changes in both disparity and image size were important cues for three-dimensional motion perception.
Thus, research on the processing of stereoscopic motion in the Z-axis suggests that there are special-purpose mechanisms for computing such motion. The next section covers a different kind of paradigm for investigating stereoscopic motion sensing.
Stereoscopic motion in the X/Y plane
To an observer with binocular vision, an object moving laterally in front of a background would provide two binocular cues about such movement: (1) The interocular retinal-image velocities would be the same or very similar; and (2) the relative disparity between object and background would change dynamically in the lateral direction without a change in mean disparity. Thus, an alternative paradigm to studying stereoscopic motion in the Z-axis is to investigate stereoscopic motion in the X/Y plane. This section reviews studies on the visual processing of stereoscopic motion in the X/Y plane. investigated the upper limit of temporal resolution of stereopsis in the X/Y plane by measuring direction discrimination for a disparitydefined grating that moved laterally at a given temporal rate. They found that stereoscopic motion in the X/Y plane was perceived up to a frequency of 8 Hz, above which temporal summation of disparity information occurred and motion perception failed. This value of 8 Hz was similar to, albeit slightly higher than, the 1 -5 Hz limit of temporal resolution for stereoscopic motion in the Z-axis. Patterson and Becker (1996) investigated the effects of adapting to stereoscopic motion in the X/Y plane on the perceived direction of subsequently-viewed stereoscopic test motion. These authors found that adapting to stereoscopic motion in a given direction made the direction of the test motion appear repulsed away from its true direction, a direction-selective repulsion aftereffect. Phinney et al. (1997) investigated the effects of adapting to stereoscopic motion in the X/Y plane on direction discrimination of stereoscopic test motion. Phinney et al. found that direction-discrimination thresholds were elevated 20 -30°away from the direction of adaptation, a direction-selective threshold-elevation aftereffect. As pointed out by both studies, direction-selective adaptation provided evidence that the direction of stereoscopic motion was encoded by a distribution of adaptable, direction-selective mechanisms as proposed for luminance motion (e.g. Levinson & Sekuler, 1976; Marshak & Sekuler, 1979; Moulden, 1980) . Patterson and Becker also found that the repulsion aftereffect transferred between the stereoscopic and luminance domains (i.e. aftereffect with stereoscopic and luminance patterns employed as adapting and test stimuli, respectively, and vice versa), thus stereoscopic and luminance motion were processed by a common direction-selective mechanism and substrate.
Temporal resolution
Direction selecti6ity
In the investigation of direction discrimination of stereoscopic and luminance global motion cited earlier, Donnelly et al. (1997) used stereoscopic and luminance random-walk cinematograms equated for effective strength by presenting them with signal strength set at equal multiples of global-motion detection threshold. Under equal strength conditions, direction discrimination thresholds were equal for stereoscopic and luminance global motion. These authors suggested that the directional precision of global motion pooling was the same for stereoscopic and luminance motion signals.
Speed discrimination
Recall that Portfors and Regan (1997) investigated speed discrimination of stereoscopic and luminance motion in the X/Y plane using a factorial design that permitted the dissociation of speed and position. Speed discrimination of stereoscopic motion was equal to that of luminance motion under conditions that controlled for position. These authors concluded that the speed of stereoscopic motion in the X/Y plane was computed by a speed-sensitive mechanism. Patterson et al. (1997) investigated speed discrimination versus displacement discrimination in the X/Y plane using a bidirectional stereoscopic motion display. These authors found that speed could be discriminated under conditions in which displacement could not. The speed discrimination thresholds were higher in this study than in the Portfors and Regan (1997) study, a difference that may have been due to different experimental paradigms. Patterson et al. suggested that stereoscopic motion was sensed in a way that could not be explained by position tracking. Julesz and Payne (1968) briefly presented two stationary stereoscopic stimuli in temporal succession. These authors found that such stimulation induced the perception of stereoscopic apparent motion in the X/Y plane. This result indicated that the stereoscopic stimuli engaged a motion system. Cavanagh, Arguin and von Grunau (1989) briefly presented stationary stimuli in temporal succession. Within a given temporal sequence, the stimuli were defined by differences in luminance, texture, color, or binocular disparity. These authors found that apparent motion was perceived when the temporal sequence contained stimuli defined by different attributes, including disparity (i.e. inter-attribute apparent motion perception). This result suggested that binocular disparity fed into the same motion process and substrate as other boundary cues.
Apparent motion
In an examination of the spatial-displacement limit for stereoscopic apparent motion, Phinney, Wilson, Hays, Peters and Patterson (1994) found that, for the same exposure duration and stimulus onset asynchrony, stereoscopic apparent motion was perceived with spatial displacements three times greater than the displacement limit for luminance apparent motion perception. These authors interpreted this result as suggesting that the receptive fields of the stereoscopic motion mechanisms were larger than the receptive fields of luminance motion mechanisms (see also .
In an investigation of bistable apparent motion in a stereoscopic Ternus display, Patterson, Hart and Nowak (1991) and Petersik (1995) revealed that element motion was perceived at short interstimulus intervals, whereas group motion was seen at long interstimulus intervals, similar to the luminance Ternus display. These results suggested that the mechanism that produces the bistability in the Ternus display may be the same for stereoscopic and luminance motion.
Classic motion aftereffect
In several brief reports, Lehmkuhle and Fox (1977) , Fox, Patterson and Lehmkuhle (1982) , and Stork, Crowell and Levinson (1985) examined whether adapting to stereoscopic motion induced a motion aftereffect. Adaptation duration was 45 s in the first study, 90 s in the second study, and unreported in the third study. (Such studies typically controlled fixation by establishing a fixation point in the middle of the motion display.) These studies found that stereoscopic motion induced strong motion aftereffects lasting many seconds.
Recall that Patterson et al. (1994) investigated the effects of varying the duration of adaptation on the stereoscopic motion aftereffect. These authors found that an adaptation duration longer than 30 s was required for robust stereoscopic aftereffects. They also found that the motion aftereffect transferred between the stereoscopic and luminance domains, which indicated that stereoscopic and luminance motion processing were mediated, at least in part, by a common mechanism and substrate. These results were replicated by Webster, Panthradil and Conway (1998) . Patterson and Becker (1996) replicated the results of within a repulsion aftereffect paradigm.
Bowd, Rose, investigated whether prolonged adaptation to bidirectional stereoscopic motion (i.e. rightward stereoscopic motion above fixation combined with leftward stereoscopic motion below fixation) induced a bidirectional motion aftereffect. Adaptation duration ranged from 30 s to 64 min per trial. These authors found that robust stereoscopic motion aftereffects of many seconds were induced with aftereffect duration proportional to the square root of adaptation duration, similar to the luminance motion aftereffect. Moreover, two opposite aftereffects, with a distinct border between them where the oppositely-moving stimuli met, were induced simultaneously. Bowd et al. suggested that the stereoscopic motion aftereffect was retinotopic. Nishida and Sato (1995) investigated whether adapting to stereoscopic motion induced a motion aftereffect when a flickering versus stationary non-stereoscopic test pattern was viewed. Adaptation duration was 30 s. Although adaptation duration was relatively brief, these authors revealed that strong stereoscopic aftereffects of many seconds were induced with the flickering, but not the stationary, test pattern. Thus, a dynamic test display may also be important for inducing significant stereoscopic motion aftereffects (most studies that have reported the existence of stereoscopic motion aftereffects employed dynamic test displays). Nishida and Sato proposed that the static motion aftereffect was induced by a first-order motion mechanism, while the flicker motion aftereffect was induced by a second-order motion mechanism. According to these authors, the stereoscopic motion aftereffect would be considered a second-order motion phenomenon 2 . Several studies have investigated the disparity contingency of the stereoscopic motion aftereffect. A disparity-contingent motion aftereffect is an aftereffect that is contingent upon the binocular disparity of the adapt and test stimuli. Disparity contingency suggests that the visual system contains mechanisms that code for both direction of motion and binocular disparity (e.g. Maunsell & Van Essen, 1983a,b) , and that common mechanisms are engaged only when adapt and test stimuli have the same or similar disparity.
In the brief reports mentioned earlier, Lehmkuhle and Fox (1977) and Fox et al. (1982) adapted observers to stereoscopic motion in one depth plane and tested for the aftereffect in the same or different depth plane. Both studies found that differences in disparity between adapt and test stimuli made the stereoscopic motion aftereffect decline in strength. Patterson, Bowd, Phinney, Fox and Lehmkuhle (1996) investigated whether the stereoscopic motion aftereffect was affected by differences in disparity between adapt and test stimuli, or by differences in disparity between stimuli and fixation (horopter). The relative disparity among adapt, test, and fixation stimuli was varied. These authors revealed that the stereoscopic aftereffect was greatest when adapt and test were presented with zero disparity and in the plane of fixation, and the aftereffect declined as the disparity of adapt and/or test increased away from fixation. Patterson et al. suggested that robust stereoscopic motion aftereffects occurred when adapt and test stimuli engaged common mechanisms that encoded positions near fixation (horopter). Shorter, Bowd, Donnelly and Patterson (1998) investigated whether the stereoscopic motion aftereffect was selective for either the spatial frequency or orientation of disparity modulation. These authors found that the strongest stereoscopic motion aftereffect was induced when adapt and test had the same spatial frequency and orientation (i.e. the stereoscopic motion aftereffect was selective for spatial frequency and orientation). They suggested that the stereoscopic motion aftereffect was mediated by oriented stereoscopic spatial-frequency mechanisms.
For a recent review of the stereoscopic motion aftereffect, see Moulden, Patterson and Swanston (1998) .
Local motion-signal pooling and surface representation
In order to represent the motion of coherent two-dimensional patterns, it is thought that localized motion signals from a lower processing level are pooled at higher levels. To study this motion pooling process, Adelson and Movshon (1982) (see also Movshon, Adelson, Gizzi & Newsome, 1985; Movshon & Newsome, 1996) created moving two-dimensional plaid patterns by crossing and superimposing two moving luminance gratings (called components). Under certain conditions, the two gratings phenomenally cohered into a single plaid pattern, while under other conditions, coherence was absent and two gratings were perceived as sliding across one another and moving in their individual directions. Movshon and colleagues proposed a twostage process wherein the first stage detected the motion of the individual components while the second stage integrated the first-stage signals (producing perceptual coherence) and computed the motion of the entire two-dimensional plaid. Movshon et al. (1985) and Movshon and Newsome (1996) presented neurophysiological evidence that the (luminance) component-motion signals were computed in primate area V1, whereas the two-dimensional plaid-motion signals were computed in area MT.
In an investigation employing stereoscopic plaid patterns (i.e. plaids created by crossing two moving stereoscopic gratings each defined by disparity modulation), Bowd, Donnelly and Patterson (1997) examined the effects of adaptation to a moving stereoscopic plaid, or its components, on the perceived coherence of a luminance test plaid, and vice versa. These authors found that adapting to a moving plaid or its components of one stimulus type (stereoscopic or luminance) affected the coherence of a moving test plaid of the other stimulus type. They suggested that stereoscopic and luminance motion signals fed into the same two-dimensional pattern-motion process.
Alais, van der Smagt, Verstraten and van de Grind (1996) found that adaptation to dichoptically-presented luminance gratings did not significantly affect perceived coherence of a luminance test plaid, which led these authors to conclude that plaid coherence was mediated by a purely monocular mechanism. However, these authors employed only a 30-s adaptation duration, which may have been too brief to induce an adaptation effect (see Patterson et al., 1994) . The results of Bowd et al. (1997) indicated that plaid coherence was mediated, at least in part, by a cyclopean mechanism. Donnelly, Bowd and Patterson (1996) employed random-walk cinematograms composed of arrays of moving stereoscopic or luminance discs, and examined the effects of adaptation to global stereoscopic motion on the perceptual coherence of global luminance motion, and vice versa. These authors found that adapting to the global motion of one stimulus type (stereoscopic or luminance) affected the perceived coherence of global motion of the other stimulus type. They suggested that stereoscopic and luminance motion signals fed into the same global-motion process.
Given that plaid patterns and global motion displays are thought to activate motion-integration mechanisms in area MT (Movshon et al., 1985; Newsome & Pare, 1988; Movshon & Newsome, 1996) , results of Donnelly et al. (1996) are consistent with results of Bowd et al. (1997) . Both studies showed that stereoscopic and luminance motion signals feed into a common motion-integration mechanism (likely in a human area homologous to monkey area MT; see Fig. 1 ). Patterson, Bowd and Donnelly (1998) showed that the barber pole illusion (i.e. grating pattern appearing to move in the direction of the long axis of a rectangular aperture) was perceived with a moving stereoscopic grating and a stereoscopic aperture. The barber pole illusion is usually interpreted as being a product of mechanisms that generate and propagate local motion signals in order to represent coherently-moving rigid surfaces. These authors suggested that the generation and propagation of stereoscopic motion signals at cyclopean levels of vision played a part in the representation of coherently-moving surfaces.
Thus, research on the processing of stereoscopic motion in the X/Y plane suggests that there is a specialpurpose mechanism for computing such motion (Fig.  1) . The next section covers research on the processing of cyclopean motion without disparity.
Cyclopean motion
This section covers studies on the visual processing of non-stereoscopic cyclopean motion. This form of cyclopean motion is discussed in this review because it involves motion information that depends upon binocular integration and therefore is related to the topics discussed in this paper. Anstis and Moulden (1970) created an apparent motion display in which lights comprising frames of a motion sequence stimulated the two eyes which produced either monocular or interocular apparent motion. Adaptation to monocular apparent motion induced a monocular motion aftereffect while adaptation to interocular apparent motion induced a cyclopean motion aftereffect. These authors suggested that the motion aftereffect had both monocular and cyclopean components. Shadlen and Carney (1986) showed that cyclopean motion perception can be induced from dichopticallyviewed flickering luminance gratings presented in spatio-temporal quadrature. These motion stimuli were based upon the principle of decomposing traveling sinewave gratings into the sum of two waves in spatial and temporal quadrature. The interocular quadrature phase relationship engaged motion sensors at binocular-integration levels of vision without binocular disparity.
In a study examining cyclopean motion created from dichoptically-viewed flickering gratings, Georgeson and Shackleton (1989) found that, relative to motion perception under monocular conditions, motion perception was poor under dichoptic conditions and displayed characteristics inconsistent with a motion sensor (e.g. low incidence of reverse p motion when the contrast of one frame of a dichoptically-viewed motion sequence was reversed). Georgeson and Shackleton posited that early motion sensors were not activated dichoptically and that cyclopean motion was processed by a positiontracking mechanism.
However, Carney and Shadlen (1992) reviewed the Georgeson and Shackleton (1989) study and offered an alternative interpretation. In doing so, Carney and Shadlen pointed out that there was positive evidence for cyclopean motion sensing without feature tracking under many of Georgeson and Shackleton's conditions, and that poor performance with cyclopean motion under other conditions was likely due to the use of inappropriate stimulus conditions.
In an investigation of the cyclopean motion aftereffect, Carney and Shadlen (1993) revealed that adapting to cyclopean motion created from dichoptically-viewed flickering gratings induced a strong motion aftereffect. These authors also reported that motion discrimination was possible when dichoptic versions of random-texture motion displays were viewed (the latter of which presumably revealed early motion processing). Carney and Shadlen suggested that a binocular substrate existed for luminance motion processing. Lu and Sperling (1995b) examined direction discrimination of cyclopean motion created from dichopticallyviewed flickering compound stimuli that contained no trackable features. The stimuli were exposed for a duration of one full temporal cycle of 3.0 Hz plus one frame (about 375 ms). These authors found that direction discrimination of cyclopean motion was poor presumably because trackable features were absent. They concluded that poor performance with cyclopean motion in the absence of trackable features meant that there was no cyclopean-motion processing without feature tracking.
However, Carney (1997) examined direction discrimination of cyclopean motion using dichoptically-viewed flickering compound stimuli that contained no trackable features, similar to Lu and Sperling (1995b) , but the stimuli were exposed for a longer duration of 2 s. Carney found that direction discrimination of cyclopean motion was good even though trackable features were absent. He concluded that cyclopean motion was processed by a binocular motion-energy system without feature-tracking.
The studies that failed to find evidence for the existence of a cyclopean motion-sensing system suggested that cyclopean motion was processed solely by a feature-tracking system. But, as discussed earlier, we should not commit the fallacy in conditional reasoning called denial-of-the-antecedent. We should not infer that a cyclopean motion system does not exist on the basis of a lack of evidence for its existence.
The studies that reported positive evidence for the existence of a cyclopean motion-sensing system suggested that cyclopean motion processing may possess characteristics similar to early motion sensing, therefore early motion sensing may have, at least in part, a binocular substrate. The existence of cyclopean motion sensing would be consistent with the existence of stereoscopic motion sensing insofar as both would involve the computation of motion subsequent to binocular integration.
To summarize this review up to this point, a number of studies failed to find evidence for stereoscopic motion sensing. Other studies, however, showed that stereoscopic information is processed by a motion system composed of special-purpose mechanisms that function like early low-level motion sensors. Mecha-nisms for stereoscopic motion in the X/Y plane appear to be retinotopic Shorter et al., 1998) , selective for spatial-frequency and orientation (Shorter et al., 1998) , and based upon cyclopean motion-energy (Smith & Scott-Samuel, 1998) . Mechanisms for stereoscopic motion both in the X/Y plane and in the Z-axis appear to be selective for direction (Regan & Beverley, 1973a,b,c; Beverley & Regan, 1974b; Patterson & Becker, 1996; Phinney et al., 1997) . These results are consistent with some of the research on cyclopean motion processing that suggests a binocular substrate for early motion sensing.
The next section discusses the possible neurophysiological basis of stereoscopic motion sensing.
Neurophysiology of stereoscopic motion sensing
At present, there appears to be no direct evidence for the existence of cells that respond selectively to dynamic change in binocular disparity. To show selective responding to dynamic change in disparity, such cells would need to have a negligible monocular response and a directional response to disparity change, an issue that should be resolvable with future research. However, there is some research that provides insight as to the possible neurophysiology of stereoscopic motion sensing. Speculation from neurophysiological research is tentative because visual cortical areas are multifunctional and more complex than has been previously recognized (Schiller, 1996) . The circuitry of striate and extrastriate cortex is a complex interacting system involving feedback (Zipser, Lamme & Schiller, 1996) . Despite this complexity, one can speculate about neurophysiology from considering the following studies.
A number of studies (e.g. Hubel & Wiesel, 1962; Schiller, Finlay & Volman, 1976; Zeki, 1978; Maunsell & Van Essen, 1983a,b; Hammond & Pomfreff, 1989; Roy & Wurtz, 1990; Roy, Komatsu & Wurtz, 1992) revealed the existence of cells with both direction selectivity and binocularity in early and late cortical areas of the motion stream of cats and monkeys. These studies, however, did not explicitly test whether any of these cells were selectively sensitive to dynamic change in binocular disparity. Nonetheless, these studies showed that motion and binocularity were represented early in the motion-processing stream.
Cells that responded selectively to motion toward or away from an animal were found in area MT of rhesus monkey by Zeki (1974a,b) , in area 18 of cat by Cynader and Regan (1978) , and near the area 17/18 border of cat by Regan and Cynader (1982) . In these studies, the animals were presented with monocularlyvisible moving edges and bars for which retinal image motion would have been visible. Therefore, it was unclear in these studies whether the cells were responding to interocular differences in retinal-image velocity or to dynamic change in disparity. Poggio, Motter, Squatrito and Trotter (1985) (see also Poggio & Poggio, 1984) found that many cells in primate area V1 responded to stereoscopic boundaries embedded in a dynamic random-dot stereogram. These authors suggested that stereoscopic boundary and form information was extracted at the level of area V1.
Finally, DeAngelis, Cumming and Newsome (1998) electrically stimulated clusters of disparity-tuned neurons in area MT of rhesus monkey and examined the effect of such stimulation on perceptual judgments of depth in a random-dot display. These authors found that electrical stimulation of disparity-tuned cells biased depth judgments in a way predictable from the disparity preference of the cells at the stimulation site. They posited that behaviorally relevant signals for stereoscopic depth were present in area MT.
Taken together, this research is consistent with the speculation that stereoscopic motion signals are computed relatively early in the motion stream, namely in areas of the motion stream prior to an area in humans homologous to monkey area MT, such as area V2 (e.g. Smith, Greenlee, Singh, Kraemer & Hennig, 1998 ; see Fig. 1 ). Stereoscopic motion signals may feed onto common pattern-motion mechanisms in area MT where the stereoscopic motion signals are integrated with luminance and texture motion signals in representing the motion of coherent two-dimensional patterns . Such speculation is consistent with the results of psychophysical studies showing that stereoscopic motion is likely to be computed by special-purpose mechanisms that function like low-level motion sensors.
Concluding remarks
1. Previous failures to find evidence for stereoscopic motion sensing were likely due to the use of stimulus parameters ill suited for revealing such sensing, rather than to the lack of a stereoscopic motionsensing system. Such stimulus parameters included brief duration of adaptation, brief duration of exposure, small stimulus size, and slow speed. 2. It is doubtful that position-tracking of stereoscopic motion would show characteristics usually attributable to motion sensing, such as being retinotopic; selective for spatial-frequency, orientation and direction; compute cyclopean motion-energy; and yield effects such as apparent motion, motion adaptation, barber pole illusion, plaid-motion perception, and global-motion perception (random-walk cinematogram). Position tracking should involve general-purpose mechanisms possessing a low-pass tuning function for temporal variation.
3. Stereoscopic motion appears to be processed by a motion-sensing system composed of special-purpose mechanisms that function like early motion sensors, with characteristics such as being retinotopic; selective for spatial-frequency, orientation and direction; compute cyclopean motion-energy; and yield effects such as apparent motion, motion adaptation, barber pole illusion, plaid-motion perception, and globalmotion perception. Motion sensing should involve special-purpose mechanisms possessing a band-pass tuning function for temporal variation. 4. If stereoscopic motion is computed by a cyclopean motion-energy mechanism, early motion processing of different stimulus attributes would be based upon one kind of motion computation because luminance motion (Adelson & Bergen, 1985) and texture motion (Chubb & Sperling, 1989; Wilson, Ferrera & Yo, 1992) are computed as motion-energy in the luminance domain (for texture motion, the energy computation would follow a rectification operation). The computation of cyclopean motion energy would involve integrating the spatio-temporal envelope of the disparity profile with some integration window (although the spatial extent of integration has yet to be determined, the temporal extent of integration is about 125 ms; see e.g. . This would mean that models of motion processing that neglect stereoscopic motion and binocularity are incomplete. 5. Stereoscopic motion may be computed early in the motion stream (i.e. prior to an area in humans homologous to monkey area MT). 6. From an ecological perspective, the visual analysis of dynamic change in binocular disparity may be an integral part of early motion processing for primates and other animals with binocular vision. To understand motion processing, it may be necessary to understand stereopsis.
